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DOPAchrome tautomerase (Dct) functions downstream of tyrosinase in the biosynthetic pathway of eumelanin by catalyzing the conversion of
dopachrome to 5,5-dihydroxyindole-2-carboxylic acid (DHICA) in pigment cells. Dct transcription is regulated directly or synergistically by
Pax3, Sox10 and microphthalmia transcription factor (MITF). Using Dct-lacZ transgenic mice, we measured the spatial and temporal pattern of
Dct expression in vivo during neocortical neurogenesis in the brain. Dct was expressed in all layers of the dorsal telencephalon in E10.5. At E15.5
and E17.5 when cortical neurogenesis occurs, expression of Dct was primarily localized to the ventricular zone (VZ) where neuronal stem cells
reside. Blocking endogenous Dct by RNAi decreased proliferation of embryonic cortical neural progenitor cells (by 48%, P < 0.05), as
determined by BrdU incorporation. In adult brain, Dct/Dct expression decreased in the subventricular zone (SVZ), dentate gyrus and olfactory
bulb (OB). However, strong expression of Dct was observed in rostral migratory stream (RMS) and septum. Overexpression of Dct in SVZ cells
derived from the adult mice significantly increased the number of cells by 260%, whereas silencing Dct by RNAi decreased cell numbers by
25.8% at 48 h post-nucleofection (P < 0.05). The results of RT-PCR analysis revealed that Dct in the brain lacks exon 7 and is identical to the form
of Dct found in neural-crest-derived melanocytes. Our data indicate that Dct, previously known as a melanoblast marker, regulates neural
progenitor cell proliferation.
© 2006 Elsevier Inc. All rights reserved.Keywords: Dopachrome tautomerase; Neurogenesis; Cortical neural progenitor cell; SVZ progenitor; Brain; MouseIntroduction
The tyrosinase gene family encodes the proteins tyrosi-
nase, tyrosinase-related protein-1 (TRP-1) and Dct, also
known as tyrosinase related protein-2 (TRP-2) (Kroumpou-
zos et al., 1994; Tsukamoto et al., 1992; Yokoyama et al.,
1994). The distinct enzymatic functions of Dct, which
converts DOPAchrome to 5,6-dihydroxyindole carboxylic
acid in the biosynthesis of eumelanin in melanocytes, have
been established (Kobayashi et al., 1994; Tsukamoto et al.,
1992).⁎ Corresponding author. Department of Neurology, Henry Ford Hospital,
2799 West Grand Boulevard, Detroit, MI 48202, USA. Fax: +1 313 916 1318.
E-mail address: chopp@neuro.hfh.edu (M. Chopp).
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doi:10.1016/j.ydbio.2006.06.006During embryonic development, Dct is expressed in the
retinal pigment epithelium (RPE) and melanoblasts at E9.5
and E10, respectively (Steel et al., 1992). Melanocytes
originate in the neural crest and migrate from there to
populate specific regions of the developing mouse embryo,
including the epidermis and hair follicles, the inner ear and
the Harderian gland and choroid of the eye. Pigment cells that
form the RPE of the eye, in contrast, develop from locally
derived neurectoderm. Dct is also expressed in the dorsal
telencephalon of the forebrain where pigment and melano-
cytes have not been detected (Pavan and Tilghman, 1994;
Steel et al., 1992).
Deletion analysis of the Dct promoter sequence reveals that
Dct contains a functional Pax3, Sox10 and microphthalmia
transcription factor (MITF) responsive element (Budd and
Jackson, 1995; Hemesath et al., 1994; Jiao et al., 2004; Lang et
397Z. Jiao et al. / Developmental Biology 296 (2006) 396–408al., 2005; Ludwig et al., 2004; Yasumoto et al., 1994). In addition
to their function in melanocyte stem cell differentiation, Pax3 and
Sox10 regulate proliferation and differentiation of neuronal stem
cells during development (Goulding et al., 1991; Koblar et al.,
1999). However, despite the expression of Dct that has been
observed during a critical phase of cortical development, whether
Dct is involved in neurogenesis has not yet been investigated. In
the present study, we determined the protein form of Dct in the
dorsal forebrain and tested the hypothesis that Dct mediates
neurogenesis during development and in the adult mouse by
measuring the temporal and spatial profiles ofDct expression and
by silencing endogenous Dct expression. Our findings reveal a
previously uncharacterized role for Dct in regulating neural
progenitor cell proliferation.
Materials and methods
Dct-lacZ transgenic mice
Generation of Dct-lacZ transgenic mice has been described previously
(Hornyak et al., 2001). To generate embryos for β-galactosidase staining,
matings were set up between CD1 andDct-lacZmice. Embryos were dissected in
PBS and stained with a β-galactosidase staining kit described in the instruction
manual (Active Motif, Carlsbad CA; Cat. # 35001).
Dct siRNA vector construction
Mouse Dct siRNA cassettes were designed according to the sequence in the
gene bank (NM_010024) using siRNA target finder (GenScript Corp.,
Piscataway, NJ). The following selected sequences were used as inserts:Sense Antisense
siRNA-1:
GAGACACATTATTAGGTCCAGCTGGACCTAATAATGTGTCTCsiRNA-2:
ACCTTCATAACTTGGCTCACTAGTGAGCCAAGTTATGAAGGTsiRNA-3:
TTGCTGGTTATAATTGTGGAGCTCCACAATTATAACCAGCAAsiRNA-4:
CCATTGATTTCTCTCACCAAGCTTGGTGAGAGAAATCAATGGsiRNA-5:
CTTGGCTCACTCCTTCCTGAATTCAGGAAGGAGTGAGCCAAGThe basic structure of the cassettes was H1 promoter–antisense–loop–
sense–terminator which encodes a small hairpin RNA (shRNA) (GenScript
Corp., Piscataway, NJ). BLASTsearch against themouse genomewas performed
for the specificity of all target sequences and the scrambled sequences.
RNAi plasmids DctshRNA1, 2, 3, 4 and 5 were constructed by digestion of
pSIREN-RetroQZsGreen (Clontech, Cat. # 632455) using EcoRI/BamHI.
Chemically synthesized double stranded DNA inserts, which contained sticky
ends and were compatible with EcoRI/BamHI digested vectors, were ligated
using T4 ligase. The following were top strand sequences of the 5 inserts for each
plasmid respectively:
insert-1: 5′-gat ccG AGA CAC ATTATTAGG TCC AGT TCA AGA GAC
TGG ACC TAATAATGT GTC TCT TTT TTA CGC GTg
insert-2: 5′-gat ccA CCT TCATAA CTT GGC TCA CTT TCA AGA GAA
GTG AGC CAA GTT ATG AAG GTT TTT TTA CGC GTg
insert-3: 5′-gat ccG TTG CTG GTTATA ATT GTG GAG TTC AAG AGA
CTC CAC AAT TAT AAC CAG CAATTT TTT ACG CGT g
insert-4: 5′-gat ccG CCATTG ATT TCT CTC ACC AAG TTC AAG AGA
CTT GGT GAG AGA AAT CAATGG TTT TTT ACG CGT g
insert-5: 5′-gat ccG CTT GGC TCA CTC CTT CCT GAATTC AAG AGA
TTC AGG AAG GAG TGA GCC AAG TTT TTT ACG CGT gConstruction of pCMV/EGFP-Dct, pCMV/Sox10 and pCMV/Sox10del
Dct was cloned from the mouse embryonic cDNA library (Clontech,
Mountain View, CA; Cat. # GGA TGG, reverse 5′-GT GGA TCC CTA GGC
TTC CTC CGT GTA TCT CT. Primers were linked with HindIII/BamHI. The
PCR product contained 1554 bp of Dct coding sequence from ATG to TAG. To
generate EGFP-Dct fusion expression plasmid, pCMV/EGFP-Dct, the vector
pEGFP-C1 (Clontech, Mountain View, CA; Cat. # 6084-1) and Dct fragment
were digested by the single cutting restriction endonucleases HindIII/BamHI
and then ligated using T4 ligase. pCMV/Sox10 and pCMV/Sox10del were
described previously (Jiao et al., 2004; Potterf et al., 2000).
Cell culture
Embryoniccorticalneuralprogenitorcellswereharvestedfromthedeveloping
neocortex ofDct-lacZmouse embryos at embryonic day 13.5 (E13.5). Adult SVZ
neural progenitor cells were prepared from the excised SVZ of normal male CD1
mice (2–3 months), as previously described (Chiasson et al., 1999; Morshead et
al., 1994;Wanget al., 2004b).Both typesofneuralprogenitorcellswereculturedat
37°C under 5% CO2 in DMEM-F-12 medium (Invitrogen corporation, Carlsbad,
California) containing 40 ng/ml epidermal growth factor (EGF, R&D systems,
Minneapolis, MN) and 20 ng/ml basic fibroblast growth factor (bFGF, R&D
systems, Minneapolis, MN). Cells of passages 4 and 5 were processed for
experiments. Melan-A melanocytes were a gift from Dr. Dorothy Bennett (St.
George's Hospital Medical School, London, UK) and were grown under
previously described conditions (Jiao et al., 2004). NIH 3T3 and B16-F1 cells
were ordered from ATCC (Cat. # CRL-1658 and CRL-6323, respectively). Cells
were cultured inDMEMcontaining 4mML-glutamine, 4.5 g/l glucose and 1.5 g/l
sodium bicarbonate. Media was further supplemented with penicillin–strepto-
mycin (100μg/ml). Differing growth conditions for the two cell lines consisted of
theuseof10%bovinecalf serumforNIH3T3cellsunder5%CO2versus10%FBS
for B16 cells under 10% CO2, the temperature remained the same at 37°C.
Immunohistochemistry
Single (with DAB) or double immunofluorescent staining (with FITC, green,
and Cy3, red) for brain tissue was performed on paraffin-embedded coronal and
sagittal sections from P1, P15 and 2-month-old brains (6 μm) as described
previously (Zhang et al., 2001a). The following primary antibodies were used in
the present study: goat anti-TRP2 (1:1200, Santa Cruz, Biotechnology, Inc.,
Santa Cruz, CA, USA), rabbit anti-Ki67 (1:300, Lab Vision Corporation, Fremont,
CA, USA), mouse anti-nestin (1:100, BDBiosciences, San Jose, CA,USA),mouse
anti-TuJ1 (1:5000, Covance, Princeton, NJ, USA), mouse anti-GFAP (1:5000,
DAKO Corp, Carpinteria, CA., USA), rabbit anti-pax6 (1:1000, Chemicon,
Temecula, CA, USA), goat anti-doublecortin (DCX) (1:1000, Santa Cruz,
Biotechnology, Inc., Santa Cruz, CA, USA), mouse anti-Map2 (1:200, Chemicon,
Temecula, CA, USA).
RNAi, transfections and cell proliferation studies
B16-F1 cells were seeded in 6-well plates and transfected with siRNA-Dct
cassettes using GeneSilencer Reagent (Cat. No.: T505750, Gene Therapy
Systems, Inc., San Diego, CA) following the manufacturer's instructions.
Cassetteswere labeledwith Cy3 at the 5′ end to determine transfection efficiency.
A mixture of five siRNA cassettes was used for each transfection at a concen-
tration of 1.0 μg/ml with Dct mRNA levels measured 48 h post-transfection.
To analyze cell proliferation, E13.5 cortical neural progenitor cells were
dissociated into a single cell suspension and seeded at a density of 10 cells/μl in
6-well plates containing cover slips pre-coated with poly-L-lysine (4 cover slips/
group). Transfections of E13.5 cortical neural progenitor cells were performed in
the same manner as described earlier for B16-F1 cells. Bromodeoxyuridine
(BrdU, 50 μg/ml) was added 24 h prior to termination of incubation. The cells
were fixed at 48 h post-transfection, and BrdU immunofluorescent staining was
performed as previously described (Zhang et al., 2001b, 2003) using a 1:1000
dilution of mouse anti-BrdU (Boehringer Mannheim, Indianapolis, IN). Five
fields were analyzed from each cover slip using a fluorescent microscope. The
total number/field (20 fields/group) of cells along with the percentage of BrdU
positive cells was calculated (Figs. 7, 8B).
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assay
Adult SVZ neural progenitor cells (passage 5) were divided into three
groups: a siRNA group, a control group and a Dct overexpression group. 5 × 106
cells/group were nucleofected using a Nucleofector™ (Amaxa, Inc., USA) and
the program A33, which is an optimized protocol for mouse neural stem cells.
All living cells were labeled with carboxyfluorescein diacetate, succinimidyl
ester (CFSE, Molecular probe, Cat. # C34554) 24 h after nucleofection. Cells
were collected in PBS at 48 h post-nucleofection and examined using flow
cytometry (Fig. 9).Western blot analysis
Western blots of Dct were performed based on published methods (Hornyak
et al., 2000) with protein samples from both tissue and cell lysates prepared in
ice-cold RIPA buffer. Tissue samples were mechanically homogenized using aFig. 1. Dct-lacZ expression during neocortical neurogenesis. Panels A–F show Dct-
E12.5 (B), the dorsal telencephalon of E10.5 (C, coronal section), the forebrain of E15
expression was localized predominantly within the VZ (D and E, arrows).dounce homogenizer; cells were lysed by passage through a 27½ gauge needle.
Protein concentrations were determined using the BCA Assay Kit (Pierce,
Rockford, IL, Cat. # 23227). The primary antibody mouse anti-TRP2 (Santa
Cruz, Biotechnology, Inc., Santa Cruz, CA; Cat. # sc-10451) was used at a
concentration of 1:200 followed by incubation with a horseradish-peroxidase
(HRP)-conjugated secondary antibody (1:2000). SuperSignal West Pico
Chemiluminescent substrate (Pierce, Rockford, IL) was used in combination
with Kodak-X-omatic film to detect and visualize protein bands. A β-actin
antibody was used as an internal control.RT-PCR and real-time RT-PCR
For detection of Dct expression in the brain, total RNA was extracted and
purified from brain tissues using RNeasy Lipid Tissue Mini Kit (Qiagen, Cat.
74804). Dct detection primers were:
Forward: 5′-AGC AGT ATG GCT GGA GCA CT, reverse: 5′-AGC CCT
TTC CTC TCC TCT CA.lacZ transgene expression (blue, arrows) in the telencephalon of E11.5 (A) and
.5 (D) and E17.5 (E) and the dentate gyrus of P1 (F, coronal section). Note, lacZ
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Exon 1: Fwd 5′-AGC AGT ATG GCT GGA GCA CT
Exon 1: Rev 5′-AGC CCT TTC CTC TCC TCT CA
Exon 3–4: Fwd 5′-TAC CAT CTG TTG TGG CTG GA
Exon 3–4: Rev 5′-GCA CAC GTC ACA CTC GTT CT
Exon 5–8: Fwd 5′-TGT GCA AGATTG CCT GTC TC
Exon 5–8: Rev 5′-GTT GCT CTG CGG TTA GGA AG
Exon 9: Fwd 5′-AAA GGC TAT GCG CCC TTA AT
Exon 9: Rev 5′-GTG GTG AAT GAC CCA AGC ATFig. 2. Detection of endogenous Dct/Dct. A Western blot (A) shows Dct in CD1 (
corresponding in size to the more highly glycosylated form found in B16 cells (A, line
and C show Dct, Sox2, β-tubulin 3 and GFAP mRNA levels in embryonic (E) and po
embryonic (E) and post-natal (P) brains at the indicated ages. cDNA from B16 cells w
and E15.5 respectively. Sox2 was used as a neural progenitor marker. β-tubulin 3 an
show consistent expression of Dct-lacZ transgene (by β-gal staining) (D) and endogen
month-old adult brain. TRP2 immunohistochemistry staining with DAB (G) and doub
brain. Dct is expressed in proliferative cells as labeled by Ki67 located in or near thTotal RNAs were isolated from brain tissues and primary culture neural
progenitor cells using theQiagenRNeasyMiniKit (QIAGEN,Valencia, CA;Cat. #
74104). SuperScript™ III was used for the first-strand cDNA synthesis according
to the instruction (Invitrogen™, Carlsbad, CA; Cat. # 18080-051). PCR was
performed using QIAGEN Multiplex PCR Kit (QIAGEN, Cat. # 206143).
Quantitative RT-PCR reactions were performed using SYBRGREEN PCRMaster
Mix (Applied Biosystems, Foster City, CA; Cat. # 4309155) on an ABI 7000 PCR
instrument (Applied Biosystems, Foster City, CA). PCR cycles were: 2 min at
50°C, 10 min at 95°C and then 40 cycles of 15 s at 95°C and 1 min at 60°C.
Dissociation reaction plots were performed to confirm the specificity of the PCRline 3) and Dct-lacZ (line 4) adult (2 months old) mouse brain. A single band
1) is detected. 3T3 cell lysate was used as a negative control (A, line 2). Panels B
st-natal (P) brains by RT-PCR. RNAwas prepared and reversed-transcribed from
as used as positive control. β-tubulin 3 and GFAP were not detected until E13.5
d GFAP were detected in the same samples as used in panel B (C). Panels D–F
ous Dct in adult cortex using the TRP2 antibody with FITC (E) in the cortex of 2-
le staining with FITC and Cy3 (H) was performed for detection of TRP-2 in P15
e ventricular zone (H, boxed).
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molecular sizeswere present. Each samplewas tested in triplicate using quantitative
RT-PCR, and samples obtained from three independent experiments were used for
analysis of relative gene expression data using the 2−ΔΔCT method (Livak and
Schmittgen, 2001). The following primers for real-time PCR were used: GAPDH,
FWD: 5′-AGA ACA TCA TCC CTG CAT CC, Rev: 5′-CAC ATT GGG GGT
AGG AAC AC;Dct, Fwd 5′-AGC AGTATG GCT GGA GCA CT, Rev 5′-AGC
CCT TTC CTC TCC TCT CA.
Statistical analysis
One way analysis of variance (ANOVA) followed by Student–Newman–
Keuls test was used. Data are presented as means ± SE. A value of P < 0.05 was
taken as significant.
Results
Spatial and temporal expression of Dct in the developing and
adult murine brain
To examine temporal and spatial profiles of Dct expression
in the brain, Dct:lacZ transgenic mice were employed. During
development, LacZ expression was detected in the dorsal
telencephalon in E10.5, E11.5 and E12.5 (Figs. 1 A–C) and
was distributed throughout all layers of the dorsal telence-
phalon at this stage (Fig. 1C). At E15.5 and E17.5 (Figs. 1D,Fig. 3.Dct-lacZ expression in murine adult brain. Panels A–F showDct-lacZ transgen
old whole brain. Black lines indicate the location of coronal sections. Dct-lacZ is expr
expression in cortex, septum, SVZ and dentate gyrus of hippocampus.E) when cortical neurogenesis occurs, the majority of lacZ
expression was located in the VZ, where neuronal stem cells
reside, and the dentate gyrus of hippocampus at post-natal
day 1 (P1) (Fig. 1F). The presence of endogenous Dct/Dct in
the brain was confirmed (Figs. 2A–C). Temporal analysis of
Dct expression revealed the presence of Dct prior to
expression of β-tubulin 3, a marker for immature neurons,
and GFAP, a marker for astrocytes during embryonic
development (Fig. 2C). Dct levels were substantially
decreased in adult brain (Fig. 3), and, in addition to the
cortex and septum, Dct-lacZ expression was observed in the
subventricular zone (SVZ), dentate gyrus and olfactory bulb
(OB) (Fig. 3), which are neurogenic areas in the adult rodent
brain (Altman, 1969; Alvarez-Buylla and Lois, 1995; Lois
and Alvarez-Buylla, 1994; Luskin, 1993).
To identify endogenous Dct expression, immunostaining
was performed on sagittal sections from P1 and P15 mice
using the anti-TRP-2 antibody, which has been tested by
Western blot. Dct-lacZ cells were TRP-2 positive (Figs. 2–F).
Many TRP2 positive cells were detected in the ventricular
zone of the P15 mouse (Fig. 2G), and this pattern resembles
that of Dct-lacZ transgene (Figs. 1D, E). Double immunos-
taining shows that some of TRP2 positive cells were Ki67
(Fig. 2H), nestin, Tuj1, GFAP and PAX6 (Fig. 5) im-e expression in transgenic mice by lacZ staining (blue). Panel A shows 2-month-
essed in cortex (A) and olfactory bulb (B). Coronal sections C–F show Dct-lacZ
Fig. 4. Dct expression in RMS. The sagittal overview of brain from a 2-month-old mouse shows strong lacZ stains (A, blue). To observe the RMS, the β-gal-stained
brain tissue (Fig. 3A) was fixed and paraffin-embedded. Pictures (Panel A and B) were taken from the paraffin-embedded block after trimming showing different layers
of RMS. Strong lacZ stain is found along the RMS. Dct-lacZ was also expressed in cortex (Ctx), septum (SP), SVZ, dentate gyrus (DG) and olfactory bulb (OB).
However, there is no clear lacZ stain in midbrain and cerebellum. Panels C and D show DCX (C) and GFAP (D) positive cells in RMS by immunohistochemistry
staining with DAB in β-gal pre-stained (green) sagittal sections. No Map2 signal is found in RMS. Str: striatum.
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neural progenitor cells.
The levels of Dct expression in the brain changed spatially
and temporally. In P1 brain (Fig. 5), Dct expression was also
observed outside but close to the VZ, while in P15 brain (Fig. 2),
Dct expression was primarily detected in the VZ.
In the adult brain, Dct-lacZ is strongly expressed in the rostral
migratory stream (RMS) (Fig. 4B). Immunostaining shows that
cells expressing Dct-lacZ were DCX and GFAP (Fig. 4C)
immunoreactive. In the adult rodent brain, DCX positive cells
generated in the SVZ migrate along the RMS to reach the OB
where they differentiate into interneurons (Lennington et al.,
2003). Thus, these data suggest that Dct may regulate neuroblast
migration.
Dct mediates proliferation of neural progenitor cells
To examine whether Dct regulates neural progenitor cell
proliferation, cells were isolated from the dorsal telencephalon
of E13.5 Dct-lacZ mice (Fig. 6). These cells were lacZ positive
and formed neurospheres when they were cultured in the growth
medium (Figs. 6C, D). To silence endogenous Dct, five specific
and scrambled Dct siRNA expression cassettes that target
mouse Dct were generated. To test the ability of the cassettes to
specifically silence Dct, B16-F1 cells were employed since
these cells express a high level of Dct. Blocking Dct by five
Dct siRNAs reduced Dct mRNA levels by approximately
70% in the B16-F1 cell line compared with scrambled siRNAs.
Using these Dct siRNAs, we then examined the effects of Dct
on proliferation of cortical neural progenitor cells. Blocking Dct
significantly decreased the number of BrdU labeled cells both
qualitatively (Figs. 7A–C, G–I) and quantitatively, with a
reduction of the total cell numbers to 0.48 and 0.78 times
respectively (Figs. 7J, K; P < 0.05), compared with the numberin the nontransfected negative controls (Figs. 7G–I, J–L). In
contrast, there was no significant difference compared with the
scrambled siRNA group (Figs. 7D–F, G–I). In addition, we
measured Dct levels in SVZ neurospheres derived from the
adult brain and found that they were significantly lower than
levels in the embryonic cortical neurospheres (Fig. 6E). Based
on the above results, we hypothesized that overexpression of
Dct may increase neural progenitor cell proliferation. To
maximize the effects of Dct on cell proliferation, we therefore
measured the proliferation of adult SVZ neural progenitor cells.
Overexpression of Dct in the adult SVZ neural progenitor cells
increased the number of cells by 260% (P < 0.05), whereas
silencing Dct decreased cell numbers by 25.8% at 48 h post-
nucleofection (P < 0.05) (Fig. 8).
Transcription factor Sox10 activate Dct expression in neural
progenitor cells
Sox10 is expressed in multipotent neural crest stem cells and
downregulated in nonglial progeny (Kim et al., 2003). Sox10
acts directly upon the Dct promoter to activate gene expression
in neural-crest-derived melanocyte development (Jiao et al.,
2004; Potterf et al., 2001) and peripheral glial development
(Britsch et al., 2001). To examine whether Sox10 activates Dct
expression in neural progenitor cells, Sox10 and dominant
negative Sox10 (Sox10del) were overexpressed in the E13.5
cortical progenitor cells. Overexpression of Sox10 increased
Dct expression, whereas inactivation of Sox10 by Sox10del
reduced Dct expression in a dose-dependent manner (Fig. 9A).
In addition, blockage of Sox10 by Sox10del decreased the
number of BrdU positive cells down to 66% (Fig. 9B, P < 0.05,
n = 12). These results suggest that the proliferative function of
Sox10 is at least partially attributable to its regulation of Dct
expression.
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Fig. 6. Dct-lacZ expression in E13.5 cortical neural progenitor cells. Dct-lacZ expression in single cells (B) and neurospheres (D), which were dissected from E13.5
dorsal cortex in Dct-lacZ mice. The cells (A) and neurospheres (C) from E13.5 dorsal cortex in wild type CD1 mice are used as a negative control of lacZ staining.
Endogenous Dct levels in E13.5 cortical progenitor cells and adult SVZ progenitor cells are determined by real-time PCR using cDNA samples derived from the
indicated cell lysates (E). PCR products were run on 2% agarose gels to confirm that the designated molecular sizes were present.
403Z. Jiao et al. / Developmental Biology 296 (2006) 396–408The Dct transcript in the mouse brain is identical to the form of
Dct found in neural-crest-derived melanocytes but different
from that of RPE
To characterize the form of Dct transcript in the mouse brain,
we analyzed the mouse genome (Fig. 10), based on NCBI
databases, and found that there are 9 exons encoding Dct (A,Fig. 5. Identification of Dct expression and cell population. Double fluorescent imm
Arrows show representative double positive cells. Near the VZ, all cells express T
colocalized with TRP2 cells. Some TRP2 cells in the VZ also express GFAP. Pax6 ex
ventricular zone).B) and two isoforms of Dct transcripts (C, D). This appears to
result from alternative splicing of exon 7 because the sequence
from mouse B16 melanoma (NM_010024) does not contain
exon 7 (D), while the sequence from eyeball (AK033040)
contains exon 7 but lacks exons 8 and 9 (C). Both sequences
contain exons 1–6. We detected the Dct cDNAwith a deletion
of exon 7 from mouse brain tissue and melan-a melanocytes (F).unohistochemistry staining was performed in brain coronal sections of P1 mice.
RP2 and nestin. Most Tuj1 cells are outside but close to the VZ, and they are
presses in the nuclei of TRP2 cells. Scale bar: 50 μm (LV, lateral ventricle; VZ,
Fig. 7. Effect of Dct siRNA on E13.5 cortical neural progenitor cell proliferation. Panels A–I are representative images of BrdU immunohistochemistry staining from
each transfection groups in embryonic neural stem cells. Nuclei were stained with DAPI (blue). (A–C) Cultured neural embryonic stem cells transfected with target
siRNA. (D–F) Cultured neural embryonic stem cells transfected with scrambled siRNA. (G, H, I) Nontransfected cultured neural embryonic stem cells. (J) Effect of
target and scrambled siRNAs on total cell numbers. (K) Effect of target and scrambled siRNAs on BrdU+ cell numbers. (L) BrdU+ cell numbers normalized by nuclei
in the same field. All numbers (2J) are averages of 20 images from each transfection groups (n = 20). The total (2A, 2J) and BrdU positive (2b, 2K) cell numbers in Dct
siRNA group were 0.78 and 0.42 times of that in nontransfected group, *P < 0.05 vs. nontransfected. There was no significant difference between the scrambled and
nontransfected groups. Scale bar: 50 μm.
404 Z. Jiao et al. / Developmental Biology 296 (2006) 396–408PCR results showed that exons 8 and 9 were present. In
contrast, exon 7 was absent in the Dct cDNAs derived from
embryonic brain (F, a), neonatal brain (F, c) and melan-a
melanocytes (F, b).Discussion
Our data demonstrate that temporal and spatial profiles of
Dct expression correlate with cortical neurogenesis during
Fig. 8. Dct regulates cell proliferation in adult SVZ neural progenitor cells. Living cells were stained in CFSE at 24 h after transfection and counted at 48 h using flow
cytometry (A). Plasmid vectors used in this transfection were 5 Dct siRNA expression plasmids in knockdown group, 5 scrambled siRNA expression plasmids in
control group and a forced expression of Dct plasmid in the overexpression group. The cell numbers were 0.74 and 1.66 times in knockdown and overexpression
group, respectively, compared with the control group (B).
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substantially decreased proliferation of cortical neural progeni-
tor cells, whereas overexpression of Dct enhanced neural
progenitor cell proliferation. Furthermore, in the adult brain,
Dct is strongly expressed in the RMS. These data indicate that
Dct, a gene previously thought to only be responsible for
pigmentation in melanocytes, may regulate neural progenitor
cell proliferation.
WhileDct regulates pigmentation inmelanocytes (Guyonneau
et al., 2004; Tsukamoto et al., 1992), its role in non-pigmented
cells is still unknown. In the present study, we found thatDctwas
expressed in the VZ at the time before/when cortical neurogenesisFig. 9. Dose-dependent effect of Sox10 on Dct in E13.5 cortical neural progenitor
transfected by plasmid Sox10, Sox10del or mixture of both with different ratios, resp
levels were determined by real-time PCR (n = 9). Panel B shows effect of Dct and S
BrdU incorporation and immunohistochemistry staining. pcDNA3.1 was used as nestarts. During neocortical development, neurons arise from
neuronal progenitor cells within the VZ (Mujtaba et al., 1998;
Qian et al., 2000; Temple, 2001). In addition, Dct was expressed
in the SVZ, the dentate gyrus, OB and RMS of the adult brain
where neurogenesis persists all of the life (Doetsch et al., 1999;
Gage et al., 1998; Hack et al., 2005; McConnell, 1988; Menezes
and Luskin, 1994). Moreover, overexpression of Dct in neural
progenitor cells enhanced cell proliferation, while silencing
endogenous Dct by siRNA blocked neural progenitor cell
proliferation. Collectively, our data indicate that Dct regulates
neural progenitor cell proliferation, which could contribute to
maintain the pool of neural progenitor cells.cells. Primary culture E13.5 cortical neural progenitor cells (passage 4) were
ectively (Panel A, a–e). Cells were collected at 48 h post-nucleofection, and Dct
ox10del overexpression on E13.5 cortical neural progenitor cell proliferation by
gative control (*P < 0.05 vs. control).
Fig. 10. Similarity between the melanocytic and cortical isoforms ofDct. Schematic graph (A) illustrated structure of exons in mouse chromosome 14 (http://lgsun.grc.
nia.nih.gov/geneindex3/bin/giU.cgi?genename=U035917). (B) Dct full transcript. Sequence alignment analysis revealed 2 isoforms of Dct (C, D), resulting from
alternative splicing of exon 7, which also contains an auxiliary stop codon. Locations of exon detection primers and PCR product size are shown in panel E. Detection
of Dct exons (B) in cDNAs derived from embryonic brain (A), melanocyte (B) and P1 brain (C) was performed by RT-PCR. PCR product size should be 601 bp using
exon 5 to 8 primers. The results show a 380 bp band, which suggests that the 221 bp exon 7 was absent. All other exons were present in these three samples. Detection
of Dct exons (F) in cDNAs derived from embryonic brain (a), melanocyte (b) and P1 brain (c) was performed by RT-PCR. Amplification of Dct from reverse-
transcribed embryonic brain cDNA using primers spanning exons 5 through 8 generated a 380 bp band, suggesting that the 221 bp exon 7 was absent. All other exons
were present in these three samples.
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lacZ strongly expressed in the adult RMS. In the adult rodent
brain, neuroblasts generated from the SVZ migrate through the
RMS to reach the olfactory bulb where they differentiate into
interneurons. Chain migration of neuroblasts in the RMS is
independent on astrocytes (Law et al., 1999). However,
neuroblasts are encircled by an astrocyte sheath that could
guide neuroblast migration. Our data show that Dct expressed in
migrating neuroblasts and astrocytes in the RMS, indicating that
Dct could regulate neuroblast migration. Further studies of the
role of Dct in cell migration are warranted.
Transcription factor Sox10 regulates proliferation and
differentiation of neuronal stem cells during development
and is required for neurogenic as well as gliogenic potential
(Kim et al., 2003; Goulding et al., 1991; Jiao et al., 2004;
Koblar et al., 1999). Sox10 transcriptionally upregulates Dct
in the pigment cell lineage, while, in neural progenitor cells in
the brain, this level of regulation has not been tested.
Consistent with these findings, our data show that inactivation
of Sox10 by the dominant negative Sox10 inhibited Dct
expression and reduced proliferation of neural progenitor cells.
Hence, it is possible that Sox proteins play an important role
in the regulation of Dct in the embryonic and adult brain. The
paired-box containing transcription factors Pax3 and Pax6
play a critical role in the development of the central nervoussystem and the eyes (Simpson and Price, 2002). Interestingly,
the expression of Dct in dorsal forebrain is colocalized with
Pax6 expression.
Dct is expressed in many species (April et al., 1998;
Camacho-Hubner et al., 2002; Kumasaka et al., 2003). Genetic
analyses of coat colors in the mouse revealed three mutations
with classic pigmentation phenotype known as ‘albino,’ ‘brown’
and ‘slaty’ to mouse chromosomes 7 (c locus), 4 (b locus)
and 14 (slaty locus), respectively. Interestingly, the slaty mutant
Dct affects primary melanocyte growth (Guyonneau et al.,
2004). Recently, a Dct knockout mouse has been reported, and
our data appear inconsistent with the fact that the Dct knockout
mouse is viable and does not exhibit gross brain defects
(Guyonneau et al., 2004). We do not know exact causes to
induce this discrepancy. The present study demonstrates that
blockage of endogenous Dct significantly, but not completely
reduced neural progenitor cells. Many growth factors such as
bFGF and EGF regulate neural progenitor cell proliferation
(Cairns and Finklestein, 2003; Deleyrolle et al., 2006; Wang et
al., 2004a). Therefore, other factors including growth factors
might compensate Dct function when Dct is knocked out during
embryonic stage. In addition, there are some phenomena which
cannot be explained. First, compared with slaty mutant mouse,
the Dct knockout mouse has higher level of hair melanin content
(Guyonneau et al., 2004). Secondly, slaty mutant Dct affected
407Z. Jiao et al. / Developmental Biology 296 (2006) 396–408primary melanocyte growth while Dct knockout does not
(Guyonneau et al., 2004).
In the mouse genome from NCBI database, there are 9
exons encoding Dct. In the present study, we found that the
Dct in the mouse brain, like melanocytes, does not contain
exon 7. Interestingly, Dct in the eyeball lacks exons 8 and 9.
Presumably, the Dct transcripts detected in the study that
yielded this conclusion originated primarily from the RPE
cells of the eyeball, with little or no contributions of Dct
transcripts from neural-crest-derived melanocytes of the
choroid or the iris. It is interesting that the brain Dct isoform
matches the melanocyte isoform rather than the RPE isoform
especially since the RPE originates directly from the forebrain
neuroepithelium rather than the neural crest during embryonic
development. Currently, it is not known which exon(s) of Dct
are required for Dct-mediated neurogenesis.
In conclusion, our findings reveal that Dct, an early
melanoblast marker, affects aspects of neural progenitor cell
proliferation in the mouse, offering insight into yet another
molecular mechanism for regulating neurogenesis.
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